Abstract. The aim of this work was to characterize the ion current that enters mouse metatarsal bones following damage to the cortex. We assessed both the spatial distribution of this current and its dependence on the presence of bicarbonate in the medium. We used a voltage-sensitive probe system vibrating in two dimensions and recorded the signal as function of the position of the probe with respect to the site of damage and of ion substitutions in the medium. When the cortex was damaged (50 txm cylindrical hole penetrating into the marrow cavity), we recorded a steady state net inward electrical current directed toward the site of damage. In nonbicarbonate media, the density of the current was maximal near the center of the hole and ranged from 6 to 18 txA]cm 2. As the probe was moved off the center of the hole, measured current density decreased in a manner consistent with the hypothesis that the source of the inward current is localized to the hole. After changing bicarbonate concentration in the medium from 0 to 42 raM, the current density nearly doubled, then decayed back to its original level exponentially over 35 minutes. When the diaphysis of living bone was left intact the current density was close to background level either in the presence or absence of bicarbonate in the medium. Damaged dead bone did not drive any current higher than background level. We conclude that the vibrating probe technique is a powerful tool to characterize ion currents in injured bone, helping to understand the physiology of bone-plasma interface and the bone healing processes. The current density transiently doubled upon addition of bicarbonate, indicating that this ion may carry the electrical current in damaged bone, probably by pump-leak mechanisms operating at the bone-plasma interface.
The healing process of damaged bones involves an inward ion current directed toward the site of damage [1] . This phenomenon was assessed by a one-dimension vibrating probe technique [ 1 ] optimized to measure small ion currents emerging from tissues or cells [2] . The ion current that follows damage to the cortex of mouse metatarsal is the result of a decaying (flexure) and a steady state persistent (plateau) current [1] . The former is associated with deforCorrespondence to: A. Rubinacci mation of bone tissue and likely originates from streaming potentials. The latter is associated with viability of bone cells and originates from pump-leak mechanisms at the bone-plasma interface [1] .
Measurements of plateau current changes following ion substitution showed that chloride and, to a less extent, sodium, magnesium, and calcium may act as current carriers and are exchanged at the bone-plasma interface [1] . Several features point to bicarbonate as an additional ion species involved in the above mechanisms: (1) the skeleton is a major storage area of bicarbonate [3] ; (2) bone bicarbonate is rapidly available to buffer acute acid load in plasma [4] , and (3) bicarbonate transport is associated with that of chloride [5] , that is a recognized current carrier in bone [1] .
The aim of this study was to characterize by novel methods the plateau current at the damaged site of bone cortex and to determine if the density of this current depends on the presence of bicarbonate. For these purposes, we used a twodimensional vibrating probe [6] that provides several advantages over a one-dimensional vibrating probe. Our resuits indicate that stable inward currents enter the site of damage along specific pathways, and that the intensity of these currents depends on the presence of bicarbonate in the medium.
Materials and Methods

Materials
The ion composition of the media (Table 1) resembles the BGJb medium, extensively used for bone culture [7, 8] . Media were equilibrated in air before bicarbonate addition to assure adequate pO2. Reagents were provided by Sigma (St. Louis, MO, USA) and were of the highest available purity. Weanling Swiss mice (Nossan, Italy) were anesthetized with CO 2 and killed by cervical dislocation. The back limbs were amputated at the distal tibia epiphysis and immersed in the appropriate incubation medium. The second or third metatarsal bones were dissected intact from the digit with care to avoid damage to the bone surface. All manipulations were carried out on samples immersed in the medium at room temperature with an M3 surgical microscope (Wild, Zurich, Switzerland). After the bone was freed of soft tissue ensheathments, a 50-1xm-diameter hole penetrating into the marrow cavity was made with a thin needle through the diaphyseal cortex.
Experimental Setup
All equipment (chamber, probe electrode, and microscope) was placed on a M-TS 23 antivibration platform (Newport, Fountain Valley, CA, USA). The bone was held at the bottom of a specifi- 
Data Acquisition
A BH Olympus microscope (Tokyo, Japan) was connected to a video camera (TK $200, JVC, Tokyo, Japan) and an RGB monitor (EUM1491A, Mitsubishi, Tokyo, Japan). The area that includes the vibrating probe electrode, the bone surface, and the upper section of the hole were viewed at 18.23 mm working distance by a D-achromat A4 x4 lens (Olympus, Tokyo, Japan). Light was provided by optic fiber cables (Olympus), connected to a cold light source (Intralux 5000, Volpi, Zurich, Switzerland). The two-dimensional vibrating probe system has been described in detail [6, 9] . Briefly, the reference electrode (stationary platinum black wire) was immersed in the medium. The probe was an insulated stainless-steel electrode (SS 300305A, Microprobe Inc., Clarksburg, MD) with a platinum black tip. The probe is vibrated between two positions along X and Y directions by means of a w-shaped linkage of three rectangular piezoelectric bimorphs to which sinusoidal signals are applied. The probe measures the electrical potential differences between the extremes of its excursion along the directions of vibration. The signal is amplified and transferred via an A-D converter (DAS8, Keithley Metrabyte, Taunton, MA) to a computer for data acquisition and storage. The software allows the recording of the probe position in the computer, analyzes the two orthogonal components of the measured signal, and expresses them by an average vector (PCVision Plus, Imaging Technology Inc., Bedford, MA) overlaid on the digitized image (RGB monitor) of the bone. Each vector represents density, direction, and sign of the current at the measurement point corresponding to the arrow head. The analog outputs of the system were also recorded on a four-channel chart recorder (BD101, Kipp & Zonen, Delft, Holland).
To calibrate the probe, 50 nA current was delivered into a medium (resistance -100 f~/cm) by a glass micropipette (1 x 90 mm, GD-1, Narishige, Tokyo, Japan) filled with 3M KC1 and with a small-diameter tip, obtained by a micropipette puller (PB-7, Narishige, Tokyo, Japan). The current source was placed (3-D mi- cromanipulator, M-152, Narishige) at two locations 150 ixm away from the probe, in mutually orthogonal directions.
Signals out of phase with the probe vibration (quadrature output) usually indicate the presence of artifacts, such as contact with the tissue under study [10] . Measurements were not considered if such signals were observed.
Typically, the vibrating probe was calibrated each day and a new probe electrode was used for each experiment. The background value was first measured by placing the probe far from the bone (>3 mm). The experiment was aborted for background values >0.5 IxA/cm 2. Then, the probe was moved using a 3D micromanipulator (MO-203, Narishige, Tokyo, Japan) to 35-50 Ixm above the cortical hole to map the current densities in the surroundings of the hole. The actual current density was obtained by subtracting the background value to the reading thus correcting for electrode drifts. The obtained coefficient of variation when the location was kept constant was 7%.
The planes of vibration were the X plane normal to the longitudinal axis of the bone diaphysis and the Y plane parallel to the bone surface. Vectors along the X and Y planes and the video image of the bone itself were printed by a TX 1000 thermal color printer (Polaroid, Cambridge, MA).
Experimental Protocol
All bones (n = 19) were first studied for spatial distribution of current density near the site of damage. When stable background readings were obtained (5-10 minutes after making the hole), we scanned the area around the hole by moving the probe along the bone longitudinal axis. During scanning, we held the probe at a distance of 20-40 txm from the bone surface to minimize interferences [11] . We tested the vectors at five to eight positions near the hole along the bone longitudinal axis.
After testing the spatial distribution of current density, the probe was located at the point of maximal density, that was always found over the center of the hole, and held it in place to examine the effect of ion substitution. The point of maximal current density was recognized by the position where the vector entering the site of damage was longest. This position was automatically recorded by the software and by a marker in the video image to ensure that the probe electrode is positioned on the same location during the ion substitution experiments. The dish was repeatedly emptied and filled with prewarmed medium through inlet and outlet tubes, anaerobic connections, and a Mini-S840 peristaltic pump (PBI International, Milano, Italy). Bone was alternately incubated in the medium containing a bicarbonate substitute (sulfate or isethionate) and in the bicarbonate containing medium. For this typical experiment, sequence and timing were as follows: sulfate or isethionate medium (15 We performed three series of control experiments by measuring current density at the diaphysis of (1) 
Statistics
Data are expressed as means ___ SEM. To compare two groups, we used the two-tailed Student's t test for paired observations. Differences were considered significant for P < 0.05.
Results
Spatial Distribution of Current Vectors
In sulfate and isethionate medium, we always recorded a stable inward current after damage to the bone cortex. A typical map of the current vectors in the surroundings of the site of damage is shown in Figure 2A . The density of the current was maximal over the center of the hole, averaging 10.5 _+ 3.4 p,A/cm 2 (n = 12). The density of the current gradually decreased to background level (-0.5 p,A/cm 2) as the probe was moved either along the longitudinal axis of the bone or away from the bone surface. The current vectors were constantly directed towards the center of the hole. The central vectors were perpendicular to the longitudinal axis of the diaphysis, and the peripheral ones were parallel to it.
At the diaphysis of intact living bone alternately incubated in isethionate, sulfate, and bicarbonate media (n = 2), we recorded current values close to the background level (Fig. 2B) . At the damaged diaphysis of dead bone (n = 4) we did not measure any current higher than the background (Fig. 2C ). When the current density was continuously monitored at the damaged diaphysis of three living bones incubated in sulfate medium, in no instance was it significantly different from the value taken at t = 0 minutes (Fig. 3) .
We did not observe any significant difference of current value at the damaged diaphysis of living bone during sequential incubations in sulfate and isethionate media (Fig. 4) .
Bicarbonate Dependence of Current Density
Blanks performed replacing sulfate with sulfate or isethionate with isethionate showed that current density changes due to media exchange (1.9 ___ 1.3 p,A/cm 2, n = 12) were not significant (Fig. 5) . However, basal current density increased sharply when bicarbonate replaced sulfate or isethionate (n = 12, P < 0.002) (Fig. 5) . Peak values were recorded as soon as the chamber was filled with bicarbonate (early bicarbonate). The current density then decayed in 10 of 12 bones to -50% of peak value within 35 minutes (late bicarbonate). No decay was observed in two bones. The decay followed an exponential pattern of the 1st order with average rate constant at -0.090 _+ 0.006 minute -1 (n = 10). When sulfate or isethionate replaced bicarbonate (n = 11), the density returned to the value measured before bicarbonate, indicating that the effect of bicarbonate was reversible. As bicarbonate again replaced sulfate or isethionate, the same pattern as that described above was reproduced, but with lower peak values (n = 9, P = 0.0001). Table 2 shows that pH, pO 2, pCO 2, HCO3-, and tot CO2 were unchanged during the readings when bone was incubated in bicarbonate medium (elapsed time 35 minutes).
Discussion
Electrical Signals at the Damaged Diaphysis of Unstressed Living Bone
The two-dimensional vibrating probe system provides a useful tool to determine the distribution of ionic currents surrounding the site where physical damage is inferred to bones immersed in physiological media. This study stresses the occurrence of a steady ion current directed to the site of damaged diaphysis of unstressed living bone. No current was driven by the intact diaphysis of living bone or by the damaged diaphysis of dead bone, thus the recorded signal is strictly dependent on the viability of bone tissue and on the presence of bone damage. The peculiarity of the experimental setup allows one to map these currents, identify the position of maximal current density, and evaluate the effects of targeted ion substitution on current density. We observed that when bicarbonate replaces either sulfate or isethionate, current density increases sharply then decays to a plateau 50% lower than the peak value.
The vibrating probe system was previously used to measure steady ionic currents in several biological systems [9, 12] . This system allows sensitive evaluation of the asymmetric pattern of steady ionic current loops generated by ion pumps and leaks [13] . In the field of bone repair and growth, the vibrating probe system has helped to confirm the existence of endogenous electrical signals in bone by measuring a plateau current traversing the bone [1] . The occurrence of electrical signals on the surface of unstressed living bone was originally demonstrated by measuring bitelectrical potentials in vivo [14, 15] , and their distribution pattern was described [16] . It was also shown that fractures quickly alter the distribution of bioelectrical potentials [14] and activate an endosteal battery that drives current into the injury [17] . However, no direct comparison can be made between ex vivo current density measurements and the in vivo bioelectrical potential measurements due to differences in materials and electrical measurement methods. For example, the electrical potential is affected by both resistance changes due to tissue drying and anatomical alterations of soft tissue ensheathments [18] , and current pathways are therefore expected to be different from those in vivo [17] .
In this study we essentially confirm the existence of the plateau ionic current component and thus the hypothesis that bone lesions quickly activate ionic currents entering the lesion itself [1] . These currents are driven by cells, being temperature dependent [1] and absent in dead bone.
The demonstration that bones drive ion currents is in agreement with the observations that bone is not in passive equilibration with the surrounding medium [19] [20] [21] [22] [23] [24] . In fact, several lines of evidence suggest that bone fluid is compartmentalized and its ionic composition is different from the systemic extracellular fluid [25] . A cell layer, somehow constituting a bone membrane for ionic partition, should possess some kind of transporting epithelial cell-like properties [26] . Its location should be inside the bone, likely at the endosteal surface, as suggested by the observation that ion currents occurred only when the hole was deep enough to reach the marrow cavity [1, 17] . Perhaps ion partitioning between bone and plasma [26] is exerted by bone-lining cells at the endosteal surface [27] and/or by epithelial-like squamous cells at the bone-marrow interface [28] .
Role of Bicarbonate in Ionic Current
When bones are exposed to bicarbonate, the current density increases sharply then decays over the subsequent 35 minutes. These effects are theoretically associated with both the gas tightness of the system and the buffering power of the medium. In fact, bicarbonate participates to the equilibrium reaction CO 2 + H20 <=> H § + HCO3-, where one component (CO2) is volatile and the concentration of HCO 3-is proportional to that of H § The rationale for the peculiar design of the experimental chamber, the use of mineral oil, and the almost-closed perfusing system is aimed at reducing to a reasonable minimum the exchange of CO 2 between the incubation medium and the atmosphere. Table 2 indicates that the selected experimental setup is suitable for the study described here where the total elapsed time for the measurements obtained in bone incubated in bicarbonate medium does not exceed 35 minutes. Furthermore, 10 mM HEPES buffer minimizes pH alterations. Therefore,we can reasonably exclude any specific changes of current density secondary to pH alterations or CO 2 leaks. The observed phenomena are linked to the presence of HCO3-. The current density decayed in 10 out of 12 bones following a first-order exponential pattern. Thus, it is likely that a single factor, rather than a combination of multiple ones, is responsible for the decay. Possibly, hydration of bone bicarbonate pool by bone carbonic anhydrase [29] may account for the decay, but unfortunately we do not presently have data to support this hypothesis. Lack of early bicarbonate effects in two bones may be explained by the time delay between buffer exchange and the first useful measurement.
Skeletal carbon dioxide stores exist in two distinct forms: a stable one, that requires mineral and organic matrix dissolution for its availability [4] and a labile one, that is bicarbonate [3] . Our study supports the hypothesis that bicarbonate is exchanged with the extracellular ion compartment when bone CO 2 is lost to buffer blood pH during acute metabolic acidosis [26] . Since the bicarbonate store present in bone is large [3, 29] and the extension of the bone-plasma interface (1000-5000 m 2) is wider than lung capillary surfaces (140 m 2) [30] , the physiological relevance of such exchange should be acknowledged.
In conclusion, damaged bones drive a steady ionic current through the site of damage. The current is probably related to the healing process and is originated by pump leak mechanisms at the bone-plasma interface. The net current results from a complex, not yet characterized ion exchange system, but HCO 3-is clearly transported between bone and the surrounding medium. This confirms a major role for bone bicarbonate in short-term regulation of blood acidbase equilibrium and confirms the presence of an intense ion traffic between bone and plasma. Noteworthy is the fact that the characterization of this traffic is still lacking despite its discovery 20-30 years ago [31] , but appropriate use of a two-dimensional vibrating probe system may represent an adequate tool to achieve this objective.
